The sunspot record is the only observational tracer of solar activity that provides a fundamental, multi-century reference. Its homogeneity has been largely maintained with a succession of long-duration visual observers. In this paper, we examine observations of one of the primary reference sunspot observers, Hisako Koyama. By consulting original archives of the National Museum of Nature and Science of Japan (hereafter, NMNS), we retrace the main steps of her solar-observing career, from 1945 to 1996.
sunspot number (ISN) and the group sunspot number (GSN) (Clette et al., 2014 .
The ISN, initiated in 1849 by R. Wolf, is defined as 10 N g + N s , where N g is the total number of sunspot groups and N s is the total number of spots visible on the solar disk.
The ISN thus takes into account both the number of sunspot groups and the number of individual spots, which gives a measure of the size of the groups and thus of the strength of the underlying magnetic fields (Clette et al., 2014; .
The GSN has been introduced more recently by Schatten (1998a, 1998b) and is only based on group counts N g , with all groups counted as 1 regardless of their very diverse sizes. The GSN is thus a cruder sunspot index but it has the advantage to be derivable even from very early observations, and hence, it allows reconstructing solar activity before the mid-18 th century and back to the first telescopic observations in 1610 (Clette et al., 2014) .
While these two similar indices agree with each other after 1900, they show considerable discrepancies in their amplitude, before ~ 1900. This disagreement leads to incompatible interpretations of the evolution of solar activity before 1885 (Cliver, 2016 (Cliver, , 2017 Cliver and Ling, 2016; Usoskin, 2017) . Therefore, a thorough revision of the calibration of both series is currently ongoing on the basis of original observations and using new modern methodologies (Clette et al., 2014 Vaquero et al., 2016; Svalgaard and Schatten, 2016; Usoskin et al., 2016; Cliver and Ling, 2016; Chatzistergos et al., 2017; Muñoz-Jaramillo and Vaquero, 2019) . While observations were conducted over many decades in various institutional observatories such as Greenwich (Willis et al., 2013 (Willis et al., , 2016a (Willis et al., , 2016b , Debrecen (Baranyi et al., 2016; Győri et al., 2017 ), or Mount Wilson (Lefèvre et al., 2005 Pevtsov et al., 2019) , long-term observations at smaller observatories by individual astronomers -frequently skilled amateur observers -are of particular importance in terms of stability. Indeed, such sunspot time series have been derived from a single observer, often with a unique telescope, in contrast with professional teams working in shifts and with a staff changing over the years (e.g., Clette et al., 2014; Carrasco et al., 2019) .
Among them, the detailed sunspot observations by Hisako Koyama (1916 Koyama ( -1997 of the National Science Museum (NSM; current NMNS) are known as one of the longest and most stable reference data series available during the 20 th century (Horaguchi and Nakajima, 2001; Clette et al., 2014; Knipp et al., 2017) . Koyama was chosen as one of the reference observers in the recent so-called "backbone" Sunspot Observations by Hisako Koyama: 1945 Koyama: -1996 , Monthly Notices of the Royal Astronomical Society. DOI: 10.1093/mnras/stz3345 4 reconstruction of the GSN (Clette et al., 2014; Svalgaard and Schatten, 2016) . Her work stands with other prominent historical solar observers: Staudach (Arlt et al., 2008; Svalgaard, 2017) , Schwabe (Arlt et al., 2013) , Wolfer (Wolfer, 1907) , and Cortesi . At the occasion of this GSN revision, Svalgaard and Schatten (2016) examined her group counts as published in Koyama's main publication (Koyama 1985) and pointed out a decrease of her counting scale after 1981, interpreting it as a loss of visual acuity. For their GSN reconstruction, Svalgaard and Schatten (2016) independently digitized the group numbers listed in Koyama (1985) . These are the numbers that were included in the latest group number database (Vaquero et al., 2016) .
Ms. Hisako Koyama published almost all her observations from 1947 to 1984 in a monograph (Koyama, 1985) . Moreover, her original drawings have been preserved in the National Museum of Nature and Science of Japan, and their digitization has been started by Horaguchi and Nakajima (2001) . Based on their survey, Horaguchi and Nakajima (2001) could confirm that Hisako Koyama continued her sunspot observations well after the publication of her monograph (Koyama, 1985) , for the rest of her life until early 1997. Her life and scientific contributions were recently brought to wider attention by Knipp et al. (2017) , raising further scientific interest.
In this article, we first provide an overview of Hisako Koyama's sunspot observations, and we chronicle of her observing activities. We then highlight the recent release of the digital database by the NMNS 1 since 2017, following the pilot efforts by Horaguchi and Nakajima (2001) . Finally, we compare Hisako Koyama's personal sunspot numbers with the multi-station reference series of the international sunspot number maintained by the World Data Center "Sunspot Index and Long-term Solar
Observations" (SILSO) to check for any scale change over the years and their possible coincidence with known events in her long observing career.
Hisako Koyama's Observational Records:
Koyama's observations made between 1947 and 1984 were published in her monograph (Koyama, 1985) and have been converted to digital form after the pilot efforts by Horaguchi and Nakajima (2001 (Koyama, 1981, p.114; O'Meara, 1987; Fujimori, 1994; Knipp et al., 2017) . While Koyama's monograph (Koyama, 1985) gathers the results in volumes 1 to 38 of her handwritten logbooks (hereafter, we abbreviate "volume" as "v."), she compiled more logbooks (v.39 -v.50 ) until 1996 Dec. 31. Koyama thus continued her observations over a full solar cycle after the publication of her 1985 compilation. This final part of her observations remained unpublished prior to this digitization (see Figure   1 ). 
Koyama's Telescopes
During her 51-year long observing career, Koyama used several different telescopes, as summarized in Table 1 . Her early observations before 1947 were not included in her first logbooks nor in the 1985 monograph (Koyama, 1985) . As described in her logbook v. 1., Koyama indicated her main telescope for each year on the wrapping paper containing her sunspot drawings, and on the front covers of her yearly logbooks.
Moreover, on her daily sunspot drawings, she mentioned when she used alternate telescopes or asked a colleague to observe in her absence. According to her notes on the wrapping paper and front covers, she first used eyepiece observations (aperture = 3 cm) Koyama (1985) with an enlarged-image inset; (centre) Hisako Koyama using the 30-cm projection screen at NSM (courtesy of Noji Collection); (right) Hisako Koyama and the 15-cm refractor that she used in Murayama's household (N35°43′, E139°45′) (courtesy of Noji Collection).
As the 10-cm projected solar disk was quite bright with the 20-cm refractor,
Koyama adapted the projection screen for a larger 30 cm image diameter, following the Sunspot Observations by Hisako Koyama: 1945 Koyama: -1996 (Figure 3 ; see Koyama, 1985) . This telescope is currently exhibited at the NMNS at Ueno. During Koyama's epoch, the research division of the NSM was located at Ueno, where she conducted her daily observations in a rooftop dome (Figures 4 and 5 ; Koyama, 1985; Knipp et al., 2017) . The observatory dome (Figures 4 and 5) was erected in 1931, as part of the construction of the museum, which was called the NSM at that time (National Science Museum, 1977, p. 315) . As the observatory was within walking distance from Koyama's home, she could easily go to the observatory at any time, even outside her working days (Koyama, 1981) . This favorable location also helped her to continue her observations for a considerable period, even at an advanced age. Later on, the research division moved to Tsukuba in 2011 via Okubo, and the telescope was moved to museum exhibition at Ueno. She continued using this telescope as a museum fellow, after her official retirement in March 1981 (Koyama, 1985) . From 1989 to 1991, she transitioned from this 20-cm refractor with 30 cm projection to a 15-cm refractor with 30 cm projection in Sunspot Observations by Hisako Koyama: 1945 Koyama: -1996 Fujimori, 1994, p.45) .
Apart from these main telescopes, Koyama occasionally used a few other telescopes such as a portable 8-cm refractor, when the main telescope was not available, e.g.
during repairs or maintenance of the observatory dome, as recorded in her logbooks. As these observations are different in quality from her main-telescope observations, we did not use those observations in our analyses. Nevertheless, Koyama concedes that her observations were not completely immune from weather conditions. According to her, the worst condition was "not rain, but a day with clouds frequently coming and going". On such days, she often had to stay for 1945 1947 1949 1951 1953 1955 1957 1959 1961 1963 1965 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 sub-telescopes incomplete φ15/p30 φ20/p30 φ20/p10 eφ3 hours in the observatory, waiting for a possible break in the clouds. With humor, she once reflected that she could "probably win a competition for endurance, if there was one" (Koyama, 1981, p.113; Knipp et al., 2017) . Occasionally, she was even unable to complete an observation due to the cloud cover, which left some reports incomplete (Koyama, 1981, p.113) . In the archives, some observations with missing details can clearly be categorized among such interrupted observations.
With this comprehensive and dedicated series of observations, Koyama managed to accumulate a unique long-term sunspot record spanning roughly half a century. Figure 7 shows the corresponding monthly mean total Wolf number over the whole visible disk, as well as the monthly-mean hemispheric Wolf number for the northern and southern hemispheres. Koyama: 1945 Koyama: -1996 Such hemispheric information will benefit the validation of the current theoretical models of the solar dynamo, which now involve two loosely-tied dynamos, each developing in one solar hemisphere (Charbonneau, 2010) .
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Homogeneity of Koyama's observations
Comparison with the latest international sunspot number (S N Version 2.0)
By its long-duration and excellent continuity, Koyama's long-term sunspot record forms one of the best reference series for the second part of the 20 th century. In particular, Koyama was chosen as one of the so-called "backbone" observers for one of the most recent reconstructions of the sunspot group number (see Clette et al., 2014; Svalgaard and Schatten, 2016) . Therefore, it is of prime interest to verify the homogeneity of Koyama's sunspot numbers over the full duration of the series. This means checking if the scale of her personal sunspot and group counts changed significantly over time, paying particular attention to slow trends or step-like jumps separating periods with different stable scales. Svalgaard and Schatten (2016) found that the standard deviation of Koyama's group counts was about 8%, globally over the entire series. They also pointed out a significant decrease of her counts after ~ 1981, relative to other parallel observers, interpreting this late deviation as a loss of visual acuity. As this analysis only considered group counts, it did not indicate if the counts of individual sunspots were also affected by this apparent drift.
Since its release in 2015 July, the new re-calibrated international sunspot number (Version 2.0) compiled in the World Data Center SILSO offers a new state-of-the-art reference . This reference index is based on a worldwide network of stations, which allowed to eliminate any inhomogeneity or outlying number present only in the data of any of the individual stations, leading to a robust reference with a much higher temporal stability than any single raw series. Koyama This is confirmed in the two lower panels, when checking the intervals when the ratio W K /S N or difference W K -S N deviate from the mean ratio or difference (red Sunspot Observations by Hisako Koyama: 1945 Koyama: -1996 1954, 1964, 1976, 1985 and 1995 Therefore, if we wish to use the entire series, it is necessary to first raise the values after 1983 by a factor 1.088 ± 0.009, in order to bring them to the same scale as the rest of the series.
The first observations before 1948, were based on a very different setup and must be considered as a separate series (see Table 1 ). The low number of observations prevents the determination of an accurate correction factor. Therefore, it seems difficult to pre-pend those data to the rest of the series. Contrary to the addition of the last 13 years after 1983, the loss of those few early data is limited, as it would extend the global series by only a few percent in duration.
This global stability is confirmed when deriving the global relation between W K and S N by different methods, as shown in Figure 9 . Here, we derived the mean ratio, the ratio giving a null mean difference between the two series, a classical linear regression, linear regression forcing the intercept at the origin, and finally a polynomial regression. Taking into account the main transitions identified in the ratios and differences, as mentioned above, we computed the mean W K /S N ratios in the sub-intervals between those transitions, in the same way as for the whole series above. The resulting values are listed in Table 2 , with each corresponding time window. Over the primary stable interval 1948 to 1983, the W K /S N scaling ratio equals 0.953 ± 0.005, thus slightly higher than the overall value given above, by about 0.6%. This is just significant. On the other hand, the final 12 years (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) give 0.876 ± 0.007, which is 8% below the overall ratio, a largely significant deviation (10 σ). A few other intervals also give significant deviations of the same amplitude but they are much shorter (less than 2 years).
A few W K monthly means deviate significantly from the corresponding S N monthly mean. Those few cases correspond to months when Koyama could only observe during very few days. Actually, when she could not use her main telescope(s) for a considerable period, she generally mentioned the reason in her logbook. Table 3 shows the months with a number of observing days below 5 and the identified reason. As there are very few such outliers, they do not change significantly the overall regression. Here, we included all anomalous months, but those few outliers can easily be filtered out if needed. 
Comparison with the original Zürich sunspot number (S N Version 1.0)
Before the 2015 re-calibration of the sunspot number series, the original series built primarily by the Zürich Federal Observatory until 1981 had never been modified . This is thus the official reference version that Koyama knew during Sunspot Observations by Hisako Koyama: 1945 Koyama: -1996 It turns out that several inhomogeneities were diagnosed in the original sunspot number, partly in the 20 th century (Clette et al., 2014, Clette and In order to check this, we repeated the calculation of the previous section, but using S N Version 1.0 as reference in the comparison and the regressions. Figure 10 illustrates the result in exactly the same way as the previous analysis (monthly mean values, Gaussian smoothing for plotted curves, different regressions). Note that before the calculations, S N Version 1.0 was scaled by a constant factor to match S N Version 2.0, as the reference unit for the counts changed between the two series (see ). This is not critical for this diagnostic but it makes visual comparisons easier. Relative to SN Version 1.0, we observe a much deeper deviation by almost 30%, which is variable over the interval. It drifts downwards then upwards, which means that Koyama's numbers dropped even lower relative to the Locarno-based Version 1.0 of the S N series.
It turns out that this extra deviation matches the diagnosed upward drift of the Locarno pilot station, which resulted in over-counting during those years. Therefore, this test proves that this known flaw in the original SN Version 1.0 series is absent in Koyama's own numbers. We can thus safely conclude that Koyama was not influenced by the Zürich reference. She counted spots and split the groups independently, and the fluctuating inhomogeneities found here were not induced by external factors, beyond the local context of her daily observing routine.
Comparison with the original group sunspot number
As Svalgaard and Schatten (2016) mention a degradation of Koyama's group counts starting in 1981, we repeated the comparison using the original GSN series by Schatten (1998a, 1998b) . Indeed, the new backbone series by Svalgaard and Schatten (2016) uses the published part of Koyama data (Koyama, 1985) as a reference for that period, and cannot be used for this comparison, while the original group number is mostly based to Greenwich and the UASF-SOON network data over the Koyama observing window.
We repeated the above analysis, now applying it to Koyama's raw group counts and the Hoyt and Schatten group sunspot number G N . This is illustrated in Figure 11 , where the most prominent variations in the ratios and differences found in the SN version 2.0 comparison can be recognized. Smaller random differences in the monthly means can be explained by the following factors: For group numbers, we find that the mean G K /G N ratio during the primary stable period 1948-1981 equals 0.901 ± 0.004, and it drops to 0.779 ± 0.006 during the period 1985-1995. Koyama's group numbers are thus about 10% lower overall than the reference G N series, thus a larger difference than for her Wolf numbers. Moreover, the amplitude of the drop is 15%, and is thus significantly larger than for the Wolf number.
This new comparison with an independent series thus confirms the reality of the scale jump around 1981. As we are considering only group counts here, it also indicates that the change of scale is not only due to a change in the spot counts, but is brought in part by the number of groups counted by Koyama. Actually, as the relative amplitude of the transition is larger for groups than for the Wolf numbers, the group counts may actually play a dominant role in the scale change. We also note that Koyama's group counts are smaller by a larger amount (10%) than her Wolf numbers (5%) relative to the reference series over the primary homogeneous part This again suggests that group counts are probably the main cause of the difference, rather than lower counts of individual spots.
While the spot counts depend almost exclusively on the observer acuity, the group counts can also depend on the way an observer is splitting groups. Therefore, in order to Koyama retired from the NSM (current NMNS) in March 1981, she continued to be a museum fellow and to access her main telescope in this museum (Koyama, 1985) . It is only after the solar minimum in 1986 that she started to switch more and more often from her main telescope at the Museum to Murayama's 15-cm refractor, with a transition period in 1989 -1991. As this documented transition involves a change of telescope and observing site, it would be the most likely cause of the shift to lower mean W K numbers relative to the S N reference. However, the timing does not match well; as the scale transition comes later than the 1981 retirement and earlier than the 1989 -1991 telescope migration.
Another possible factor is the increasing participation of alternate observers (most probably Sadao Murayama; see Figure 12 ), who replaced Figure 13 . The most prominent feature in this plot is a significant increase in the participation of replacement observers after 1983. It turns out that this transition in the observing routine coincides with the 1983 jump found in the Wolf numbers, which strongly suggests that both transitions are related.
We point out that the influence of those auxiliary observers is not limited to the numerical proportion of drawings made by other observers relative to the genuine drawings made by Koyama herself in the data set. The participation of other observers can also induce a mutual influence on the counts of spots and groups, and may have influenced Koyama's own daily counts even in her personal observations. This indirect influence is very difficult to demonstrate and quantify retrospectively for a team of visual observers. Indeed, by themselves, the documents at our disposal left by Koyama, do not allow us to find a definitive answer. In that sense, the resulting counts and their variations relative to an independent reference, as we calculate above, provide the ground truth for establishing and quantifying the effect. Further diagnostics may help deriving additional evidence, but this would probably involve detailed sunspot catalogs for that epoch, which goes beyond the scope of this study. At this stage, we can at least establish that this transition occurred and affects the homogeneity of the last part of Koyama's data. Fortunately, the diagnosed jump is followed by a second stable period, rather than a continuous and variable drift.
Therefore, this last segment of the series remains usable after the application of a simple constant correction factor applied to the whole interval 1983-1995. This correction factor (1.088 ± 0.009; see section 5.1) can be determined with enough accuracy, thanks to the fact that Koyama's numbers remain quite stable during this second interval.
Conclusion:
In this article, we provided an overview of Hisako Koyama's sunspot observations over her entire observing career, 1945 -1996, on the basis of her original sunspot drawings and logbooks. While Koyama published her own compilation covering 1947 -1984 (Koyama, 1985 , she started observing already in 1945 and continued until the end of her life in 1996.
Most of Koyama's sunspot drawings and her logbooks have been recently digitized under the database of the NMNS. These logbooks retrace the successive change of main telescope. In the earliest phase Consistently observing for more than 150 days per year, she produced unique long-term data series covering more than a half century (1945 -1996) . She recorded not only the total whole-disk sunspot number, but also each hemisphere and the central zone on a daily basis. Her counts prove to be independent and thus unaffected by known artificial drifts affecting the original SN, as it was published at the epoch of her observations.
The comparison with the original group number confirms a progressive downward transition starting in 1981. This transition thus matches the equivalent transition found in the sunspot numbers, although the exact timing of the transition does not coincide precisely because of other factors present in the group number series. The amplitude of the deviations in the group counts is larger than for the Wolf numbers, indicating that group counts account for a large part to the variation of the Wolf numbers.
Understanding how Koyama divided the sunspot groups would thus deserve further attention. This can be studied by returning to her collection of original drawings, which contains the base information. There is thus matter for future deeper studies, which could benefit from the extremely rich information contained in her precious collection of original drawings. Those preserved drawings form the foundation of the entire Koyama heritage.
Looking at shorter timescales, in most cases, we did not find any convincing correspondence between the fluctuations detected in the Koyama sunspot counts and the documented changes in her observing routine. Still, the initial drop in 1947 is most probably due to the initial changes in her observing setup and practices. Likewise, the 1983 jump corresponds with an increased participation of replacement observers over the late periods 1983 -1996, based on the personal stamps and signatures found on the original drawings. The progressive use of an alternate 15-cm telescope occurred later, by 1989, and was gradual, which did not leave any matching signature in the scale of where such an exceptionally long uninterrupted series plays a unique role as a "backbone" connecting epochs separated by half a century, i.e., 4 solar cycles or more, and thus giving the long-term rigidity needed to obtain a fully homogeneous multi-century sunspot-based solar activity index.
